We report the fabrication of InGaN/GaN nanorod light-emitting diodes (LEDs) using inductively coupled plasma reactive-ion etching (ICP-RIE) and a photo-enhanced chemical (PEC) wet oxidation process via self-assembled Ni nanomasks. An enhancement by a factor of six times in photoluminescence (PL) intensities of nanorods made with the PEC process was achieved in comparison to that of the as-grown structure. The peak wavelength observed from PL measurement showed a blue shift of 3.8 nm for the nanorods made without the PEC oxidation process and 8.6 nm for the nanorods made with the PEC oxidation process from that of the as-grown LED sample. In addition, we have demonstrated electrically pumped nanorod LEDs with the electroluminescence spectrum showing more efficiency and a 10.5 nm blue-shifted peak with respect to the as-grown LED sample.
Introduction
Direct wide-bandgap gallium nitride (GaN) and other IIInitride-based semiconductors have attracted much attention for potential applications such as blue, green, and ultraviolet (UV) light-emitting diodes (LEDs) and blue laser diodes [1] . Additionally, it has been widely proposed that fabricating nanostructures on the LEDs can enhance the performance effectively due to the quantum confinement and the strainreleasing effect [2] . For GaN-based nanoscale structures, so far, the GaN nanorods have been produced by various fabrication methods, such as growth of InGaN/GaN multiple quantum nanocolumns/nanorods on Si substrate by radiofrequency (RF) plasma-assisted molecular-beam epitaxy [3] or growth of single-crystal GaN nanorods by hybrid vapor-phase epitaxy [4] , synthesis using carbon nanotubes as templates [5] , inductively coupled plasma-reactive ion etching (ICP-RIE) 4 Author to whom any correspondence should be addressed. without masks [6] or via e-beam patterned [7] nanorods, each with a relatively complicated process. To simplify the patterning process, it is possible to produce nanoscale selfassembled nickel (Ni) islands by choosing the correct Ni layer thickness, annealing time and annealing temperature on top of the LED surface [8] . Nevertheless, the rough unprotected sidewalls of multiple quantum wells (MQWs) embedded in nanorods etched by ICP-RIE could suffer from a large leakage current, resulting in poor electrical properties. In addition, nanorods fabricated via such methods are difficult to form into p-type ohmic contacts for each individual nanorod. Besides, the photo-enhanced chemical (PEC) wet oxidation process has been used in GaN-based LEDs to oxidize the exposed surface material for passivation and surface roughening to enhance the light output [9, 10] . In this paper, we introduce a novel method combining ICP-RIE and the PEC wet oxidation process with self-assembled Ni metal islands to fabricate InGaN/GaN nanorod LEDs.
Device fabrication
The process flowchart for making the nanorod LEDs with the PEC oxidation process is shown in figure 1 . The GaN-based LED samples were grown by metal-organic chemical vapor deposition (MOCVD) on a c-axis sapphire (0001) substrate; they consist of a 50 nm thick GaN nucleation buffer layer, a 3.0 µm thick highly conductive Si-doped GaN layer, five periods of 3/7 nm thick undoped In 0.21 Ga 0.79 N/GaN MQWs, a 50 nm thick Mg-doped AlGaN layer and finally a 0.25 µm thick Mg-doped GaN layer. The LED samples were then taken to undergo the nanorod manufacturing process. First, a 100Å Ni layer was deposited on top of the LED samples by an egun evaporator ( figure 1(a) ). The Ni-coated LED samples were subsequently subjected to rapid temperature annealing (RTA) under flowing N 2 at 850
• C for 1 min to form self-assembled Ni metal clusters ( figure 1(b) ). Then, the LED samples were etched down to the n-type GaN layer by the ICP-RIE system (SAMCO ICP-RIE 101iPH) operated at 13.56 MHz under a gas mixture of Cl 2 /Ar = 50/20 sccm with 2 min of etching time to form nanorods. The ICP source power, bias power and the chamber pressure of the ICP-RIE system were set at 400/100 W. Then, the samples were dipped into a nitric acid solution (HNO 3 ) at 100
• C for 5 min to remove the Ni nanomask (figure 1(c)) and this was followed by the PEC oxidation process. Details of the nanorod formation process were given in [11] . An 800 W Hg lamp was used as the illumination source in the PEC oxidation process in the unstirred deionized water. An external dc bias fixed at positive 20 V was applied to the n-type GaN layer surface as the anode contact and platinum was used as the cathode, with 10 min as the exposure time. The light power density of the Hg lamp was fixed at 2.5 W cm −2 to illuminate the front side of the LED samples. Then, the Ga 2 O 3 layer was formed at the nanorod sidewall and the ICP-etched n-type GaN layer ( figure 1(d) ). The p-type layer was nearly unoxidized due to its low conductivity [12] . Finally, a 20/500 nm thick Ni/Au layer was deposited on the entire surface of the PEC nanorod LED to form a connection with the p-type ohmic contacts for an individual nanorod. A 20/800 nm thick Cr/Au was then deposited as the p and n bonding electrodes (figure 1(e)).
After all processes in the manufacture of the nanorod LEDs were done, the dimensions and density of the nanorod LED samples made with and without the PEC oxidation process were estimated by scanning electron microscopy (SEM), as shown in figure 2. Figure 2(a) shows that the size and density of the self-assembled Ni masks on the p-GaN surface of an LED sample were approximately 250 nm and 3 × 10 9 cm −2 . The InGaN/GaN MQW nanorod density was estimated to be approximately 3 × 10 9 cm −2 . Figure 2 (b) shows that the diameter and the etching depth of nanorods were about 140 nm and 0.5 µm, respectively. Figure 2(c) shows the InGaN/GaN MQW nanorod LED after the PEC process; the left-hand side shows the nanorods made with the PEC process and the right-hand side shows the ICP-RIE etching surface after the PEC process. The inset of figure 2(c) framed with a dashed (red) line shows higher magnification of the nanorods after the PEC oxidation process. The composition elements of the nanorods before and after the PEC oxidation process have been identified by energy dispersive x-ray (EDX) spectral analysis. The result shows only Ga and N elements in samples made without the PEC process, but a large amount of O was observed in samples made with the PEC oxidation process. This shows that a thin Ga 2 O 3 layer was formed with the PEC process. Comparing the nanorod structure in figures 2(b) and (c), the diameters of the nanorods made without and with the PEC oxidation process were about 140 nm and 155 nm, respectively. It also shows that the diameter of the nanorods reduced to about 90 nm after removing the Ga 2 O 3 oxidation layer. Figure 2(d) shows the Ni/Au contact metal deposited on InGaN/GaN MQW nanorods to form connections with the p-type ohmic contacts for each individual nanorod. Figure 3 shows the normalized PL spectrum of the as-grown LED sample, and nanorod LED samples made with and without the PEC process measured at room temperature. A HeCd laser (325 nm) was used with an excitation power of 25 mW and the power density of 1.5 W cm −2 . The PL emission peaks of the InGaN/GaN active layer were observed at 449.0, 445.2 and 440.4 nm for as-grown samples, and nanorods samples made without and with the PEC oxidation process, respectively. The PL peak intensities of InGaN/GaN MQW active layers in nanorods made with and without the PEC oxidation process were enhanced by factors of approximately six and five times compared with as-grown LED samples. The blue-shift phenomena were observed for both the nanorod LED samples made with and without the PEC oxidation process, and the blue-shift values were 3.8 nm (20 meV) and 8.6 nm (50 meV), respectively. The blue shift might be caused by the partial reduction of the piezoelectric field by the strain release in the nanorod structures [7, 10] . The blue-shift phenomenon of nanorods made with the PEC process was stronger than that made without the PEC process, due to the further reduced diameters. The peak shifts can be translated to the reduction of the piezoelectric field at around 20 meV/3 nm = 66.7 kV cm −1 and 50 meV/3 nm = 166.7 kV cm −1 , for LED samples made with and without PEC oxidation process, respectively (where 3 nm is the well thickness). On the other hand, the PL enhancement could result from the sidewall scattering in the nanorod structures [2, 11] . In addition, the enhancement of the PL intensity could be explained by the increased wavefunction overlap of the electron and the hole band structure of the InGaN/GaN MQWs with the partially reduced piezoelectric field. One can see that the nanorods made with the PEC oxidation process have a higher PL intensity and a larger piezoelectric reduction due to the smaller nanorod diameters in the samples made by the PEC oxidation process. This shows that the PEC oxidation process not only can form an oxidation layer to isolate the individual nanorod electrically, but also reduces the diameter of the nanorods to cause a stronger strain-relaxation effect [7, 10] . Figure 4 shows the room-temperature EL spectrum of the as-grown LED and nanorod LED samples made with the PEC oxidation process at an injection current of 1 mA. The inset of figure 4 shows the emission image of the InGaN/GaN MQW nanorod LED. It shows that the PEC oxidation process can effectively form oxidation layers to isolate the nanorods and facilitate contact formation. The EL intensity of the nanorod LED made with the PEC process was about 1.76 times that of the as-grown LED. The EL MQW emission peaks of the InGaN/GaN active layer were observed at 467.9 nm and 457.4 nm for as-grown samples and nanorod samples made with the PEC oxidation process, respectively. The blue-shift effect was again observed for the nanorod LED samples made with the PEC oxidation process, with a blue-shift value of 10.5 nm (60 meV), which was similar to the observation in the PL measurement. The reverse-bias and forward-bias current-voltage characteristics of nanorods made with and without the PEC oxidation process were also measured, and they are shown in figures 5(a) and (b). The reverse-bias leakage current in the nanorods made with the PEC oxidation process is significantly reduced compared to that in the nanorods made without the PEC oxidation process. This is due primarily to the fact that oxidation layers produced in the PEC oxidation process form excellent isolation layers to reduce the leakage current through the sidewalls of the nanorods. In addition, the forward-bias characteristics also show a difference in current level for the two types of nanorod LEDs. A higher turn-on voltage of the PEC-oxidized nanorod LED was clearly observed. Such high forward voltage is probably due to the smaller contact area and the nonoptimized ohmic contact metal conditions. The accompanying thermal effect also explained why the enhancement factor in the EL measurement result was smaller than that in PL result.
Results and discussion

Summary
We fabricated InGaN/GaN nanorod LEDs using selfassembled Ni nanomasks, ICP-RIE etching and the PEC process. The PEC process produced Ga 2 O 3 oxidation layers surrounding the nanorods to provide a better isolation for the nanorods, and to bring p-type GaN nanorods in contact with p-type electrodes more easily. Enhancement by factors of six and five times in the PL intensities of nanorods made with and without the PEC process compared to that of as-grown structures was observed. Also, the EL spectrum showed more efficiency, and a 10.5 nm blue-shift peak of the nanorods made with the PEC process from that of the as-grown LED sample.
